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Abstract. The influence of the combined deformation on the thermal stability of the poligoniza-
tion substructure of the technically clean iron and steels are shown in the article. So, the purpose
of the work is the increasing of the thermal stability of the poligonization substructure by com-
bined deformation of iron, steel 20, 45, V8, 12X13 and 40X. The possibility of the increasing
hardness on the maximum indexes are investigated and installed the optimum magnitude and
species of the deformation and modes, namely temperature and time of the exposure, of the heat
treatment. The possibility of the thermal stability of the poligonization substructure during pre-
recrystallization heat treatment of the Fe and carbon and alloyed steels by using combined de-
formation is established. The decreasing of the sizes of the regions of the coherent scattering of
the values of the physical and mechanical properties, such as hardness, is proved. Indexes of the
quantities of nanoscale substructure elements and angle of orientation of the subgrains are cal-
culated by methods of the harmonic analysis. The combined deformation allows the using this
method for machine parts and appliances. It was shown that pre-crystallization thermal treat-
ment allows to form a substructure with nanosized elements of size 80 nm (steel 45) in a com-
bination of deformed steels, and their quantity can reach 75 % of the total number of structural
components with a maximum angle of divergence of subgrains 2.16° (technically pure iron).

Keywords: combined deformation; problem of Material Science; subgrains; nanostructure
materials.

AHoTauisg. PosrisHyTro BB KoMOiHOBaHOI nedopmarii Ha TepMiuHy CcTabiTbHICTH
TEeXHIYHO YHUCTOTO 3aii3a, ctameil 20, 45, V8, 12X13 ta 40X msxom KOMOiHyBaHHS
PI3HOBHU/IIB Ta BEIMUMH JedopMaliiii. MeToro poOOTH € i IBUIIICHHS TEPMITHOT CTaO1IEHOCT1
MOJITOHI3aMIHOI CYyOCTPYKTYpH TEXHIYHO YHCTOTO 3amiza, crameit 20, 45, V8§, 40X Ta
12X13 musixom koMOiHOBaHOT nedopmarltii. ExcriepuMeHTambHO JTOCIHIKEHO BIUTHB
po3Mipy obiacTeil KOTepeHTHOTO PO3CiIOBaHHS, KITBKOCTI HAHOCTPYKTYPHUX €JIEMEHTIB Ta
KyTa Jie30pieHTanii cyo3epeH Ha (i3nKo-MeXaHiuHi BIACTHBOCTI, a caMe TBEPOCTI 3aii3a Ta
cTaneil. Y craHoBIIeHa MOKIIMBICTh TEPMIYHOI CTabIIFHOCTI MOJITOHI3AIIITHOT CyOCTPYKTYpH
B IIPOIIEC MepeIPEKPUCTAITIZAIIHOT TePMITHOT 0OPOOKH TTiCHs MonepeTHb01 KOMOIHOBaHOT
nedopwmariii, a came moeAHaHH TUHaMITHOI fedopmarii Ha 30 % Ta craTaHOi Aedopmartii
Ha 30 % 3 HACTYITHOIO MEePEIPEKPUCTAIZAIIIHOI0 TEPMIYHOI0 0OpOOKOIO 3a TeMIeparypHu
500 °C. HocmimkeHo po3mipu o0acTeid KOTepeHTHOTO JOCHTIIKEHHS Ta BCTAHOBJICHO, 110
HalMEHIII PO3MIpH CITOCTEPITaIOThCS MPH MEpeapeKprcTaIizaiiHiid TepMidHiid 00pooITi,
gKa 3a0e3medye MakcuMyM TBepaocTi. Ilokazano, mo mepeapexpucTamizanifia TepMivHa
00pobka mo3Bomsge (opMyBaTH B KOMOIHOBaHO Je(POPMOBAHHUX CTAIAX CYOCTPYKTYpYy
3 HAaHOPO3MIPHUMHU eJeMeHTaMH BennduHoto 80 HM (ctanb 45), a KUIBKICTh X MOXeE JI0-
csirati 75 % BiJ 3araibHOi KITBKOCTI CTPYKTYPHHUX CKJIAJOBUX 3 MAKCUMAJIbHUM KyTOM
ne3opienTarii cyosepen 2,16° (TeXHIYHO YrCTe 3aI1i30).
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AHHoTanusi. PaccMoTpeHo BiIMsHHE KOMOMHMPOBAHHOW AeOopMaliii Ha TEPMHUYECKYIO CTAOMIBHOCTh TEXHHUYECKH
YHCTOTO XKemesa, craneit 20, 45, V8, 12X13 u 40X myTeM KOMOWHIPOBAHUS pa3HOBUIHOCTEH W BETTHMYHH epOpMaInii.
[enpto pabOTHI SABIISETCS MOBBIIIEHHE TEPMUUECKOI CTAOMIEHOCTH MOJIMTOHU3AIMOHHOM CYyOCTPYKTYPBI TEXHUIECKH
YHCTOTO JXene3a, craneit 20, 45, V8, 40X u 12X 13 myTeM KOMOWHIPOBAaHHOI JehopManii. DKCIIEPUMEHTAIBHO HC-
CJIC/IOBAHO BIMSIHUE pa3Mepa o0acTeil KOTepeHTHOTO PAcCENBaHMsI, KOJINIECTBA HAHOCTPYKTYPHBIX JIEMEHTOB U yTJIa
Pa30pUEHTHPOBKH Cy03EpeH Ha (PU3NKO-MEXaHNIECKHE CBOWCTBA, & NMEHHO TBEPAOCTh XKejle3a U cTalied. Y cTaHOBIIe-
Ha BO3MOKHOCTh TEPMHUECKON CTAOMIBHOCTH TOJMTOHU3AIMOHHON CyOCTPYKTYpBI B TPOIECCE TPEIpeKpUCTaIN3a-
LIMOHHOW TepMHUYECKO 00pabOTKH MocIIe MpeablIyIieil KOMOMHUPOBAHHOH! JIe(OpMaIii, @ IMEHHO COYEeTaHNE AUHA-
Mugeckoit nedopmarmu Ha 30 % u craTrueckoit nedopmarun Ha 30 % ¢ mocIeayIome IpeIpeKpUCTATH3aITHOHHON
TepMudecKor 0dpadotkoit mpu Temmepatype 500 °C. MccmenoBansl pa3Mepsl 001acTeld KOTEPEHTHOTO PACCCHBAHUS
1 YCTAQHOBJICHO, YTO HAaNMEHBIIINE Pa3Mepbl HAOMIONAIOTCS TP MTPEAPEKPUCTATM3AMOHHON TepMUIECKOi 00padoTke,
KOTOpast 00ecreynBaeT MakKCUMyM TBepAOCTH. [TokazaHo, 4TO MpeapeKpucTaTN3aliOHHAs TepMUYecKast 00paboTka
03BOJISIET (JOPMHUPOBATH B KOMOMHUPOBAHHO e(hOPMHUPOBAHHBIX CTATSIX CYOCTPYKTYPY ¢ HAHOPa3MEPHBIMH DIIEMEH-
Tamu BenmauHOM 80 HM (cTanb 45), a KONNYECTBO MX MOXKET JIOCTHraTh 75 % OT OOIIEro KOJMYEeCTBa CTPYKTYPHBIX
COCTaBJISIIOIINX C MAKCUMAJILHBIM YTJIOM Pa30pHEHTHPOBKH Cy03EpeH 2,16° (TEXHNYECKH YHNCTOE JKEIE30).

KuroueBble ciioBa: KoMOMHHpOBaHHAs Ae(opMariist; mpoOIeMbl MaTepHaIOBEACHNUS; Cy03epHa; HAHOCTPYKTYPHBIE
MaTepHasbl.
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Problem statement. The problem of modern machine
building is increasing of the reliability and work life
of machine parts and mechanisms. This requires con-
stant improvement, the application of new materials.
The operational characteristics of the machine parts as
a whole, their work life are determined predominantly
by the physical and mechanical properties of the metals
and alloys from which they are made. For solving this
problem, mainly steel and alloys with increased strength,
in particular hardness, are used. The increase of physical
and mechanical parameters is possible due to pre-recrys-
tallization heat treatment, which ensures the formation of
a crushed substructure and nanostructure inclusive [1-3].
Pre-recrystallization heat treatment provides increased
hardness due to the formation of polygonal substructure.
However, further heating or shutdown at a temperature
close to the initial recrystallization threshold leads to the
leveling of the resulting results due to the development of
the processes of harvest polygonization and recrystalliza-
tion. The dislocation boundaries of sub-lands, which are
formed during polygonization, are mobile and at elevated
temperatures easily move, while the size of sub-grains in-
creases and, as a result, hardness, strength decreases. All
this makes it impossible pre-recrystallization heat treat-
ment of large parts (more than 10 mm).

Latest research and publications analysis. In recent
years, considerable progress has been made in the cre-
ation of nanostructured materials. Particular attention
is paid to the methods of intensive plastic deformation
(IOP). This group of methods for obtaining materials
is based on conducting large-scale plastic deformation
(>90 %) under high applied pressure at relatively low
temperatures [4, 5]. In such conditions of deformation
there is a grinding of microstructural elements in metals
and alloys to a nanoscale size. The methods of IOP allow
to obtain impervious metallic nanostructured materials.
However, the range of sizes of sub-grained nanomateri-
als, as a rule, is greater than 100 nm. The structure ob-
tained in the IOP differs greatly in nonequilibrium due
to the low density of free dislocations and, mainly, the
high-angle nature of the boundaries of sub-grains [4, 5].

Since IOP methods are characterized by high cost,
labor-intensiveness and complexity of equipment, and
are suitable only for details of a small section (up to
10 mm), one of the ways of solving this problem may
be the use of pre-recrystallization thermal treatment of
materials. It provides the opportunity to form a polygonal
substructure [4]. As established in [1, 5], pre-recrystal-
lization thermal treatment of statically deformed speci-
mens by 75 % from V8 steel and technically pure iron at
a temperature that corresponds to the temperature thresh-
old of recrystallization leads to an increase in hardness
by 20 and 30 %, respectively, due to the formation of a
crushed polygonization substructure, the maximum val-
ue of which is observed at a 2 minute lengthening time.
Hardness decreases with increasing the aging time or
when the temperature rises due to the increase in the size
of the sub-grains, which indicates the instability of the
substructure at elevated temperature, [6] has established
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the possibility of thermal stabilization of the polygonal
substructure in the process of pre-recrystallization ther-
mal treatment of technically pure iron and nickel for
20...70 and 10...60 minutes respectively, which consists
of conducting a cold dynamic deformation of 30 % and a
subsequent static deformation of 30% and pre-recrystal-
lization heat treatment. It was found that increasing the
thermal stability of the polygonal substructure of steels
20 and 45 is possible by combining dynamic and static
deformations in total by 60 % and by subsequent pre-
recrystallization thermal treatment, respectively, within
10...60 min and 5...60 minutes, while the hardness de-
creases somewhat, but remains higher compared with the
state after deformation by 14 and 27 % respectively.

Separation of previously unsolved parts of the general
problem. However, the influence of the magnitude and
varieties of combined deformation on the thermal stabil-
ity of the polygonal substructure is not yet sufficiently
studied.

THE ARTICLE AIM — increasing of the thermal sta-
bility of the polygonization substructure of technically
pure iron, steels 20, 45, Y8, 40X and 12X13 by the com-
bined deformation.

Methods, object and subject of research. Since iron
is the base of steels and castings, which today make up
about 90 % of all structural materials used in technol-
ogy and everyday life, then in the further research used
technically pure iron grades E12 (GOST 3836-83); steels
20, 45 (GOST 1050-88); steel Y8 (GOST 1435-99);
steel 40X (GOST 2591-2006) and steel 12X13 (GOST
2590-2000).

Annealed at 800 °C for 1 hour of iron samples of
6x6x8 mm were subjected to cold dynamic deformation
by impact cyclic action to a given deformation value.
Static deformation was carried out using a hydraulic press
Losen Housen WLRK (Dusseldorf, 35 t) with a load of
20 t. Cold rolled was carried out in a laboratory horizon-
tal position. Thermal treatment of samples was carried
out in a laboratory electric oven CHOJI-1.6.2.0.08/9-M1.
Hardness HV_ was determined on a Vickers type de-
vice with a load of 5 kg indenter (DSTU ISO 6507-4:
2008), 10 measurements were made for each experimen-
tal point. The analysis of the structure of deformed and
heat-treated specimens was carried out using an Opti-
cal Metallographic Microscope using the Delta Optical
HDCE-20C Digital Camera equipped with the Scopeim-
age 9.0 image processing software and the scanning elec-
tron microscope ZEISS Gemini SEM 500. The size of the
coherent X-ray scattering regions) were determined by
the Sherrer formula and the method of harmonic analysis
of the diffraction profile. The shooting of the diffracto-
grams was carried out according to the reflection on the
JIPOH-3.0 device.

The object of the research are technically pure iron
(E12), carbon (20, 45, U8) and alloy (40X, 12X13) steel.

The subject of the research of the research are the
regularities of the process of formation of a crushed po-
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lygonal substructure with increased physical and me-
chanical properties and its thermal stabilization in plas-
tic-deformed, technically pure iron and steels as a result
of pre-crystallization thermal treatment.

Basic material. For annealed samples of technically pure
iron, cold rolling was performed at 40 %, after which the
sample was subjected to a static deformation of 40 %.
Subsequently, the samples were subjected to pre-recrys-
tallization heat treatment at a temperature of 500 °C with
an endurance of up to 60 minutes. The results of the influ-
ence of pre-crystallization thermal treatment on hardness
are shown in Fig. 1.

From Fig. 1 it can be seen that the dependence of
hardness on the duration of pre-recrystallization heat
treatment is extreme. The highest value of hardness
of 2.08 GPa is observed at an endurance of 1 min,
which is 19 % more than after rolling; and by 12 per-
cent more than after a combination of rolling and static
deformation.

Stabilization of the substructure, judging by the hard-
ness, occurs in the interval between 1.5 and 10 minutes,
then the hardness decreases. At 60 minutes of exposure, it
is 1.91 GPa and approaches the value that corresponds to
the hardness value after the combined deformation. Thus,
there is no significant stabilization of the substructure.

To determine the possibility of combining rolling
and static deformation, an experiment with a total defor-
mation value of 60 % was conducted, namely, samples
of technically pure iron deformed by 30 % in the rolling
mill, and then by another 30 % in the hydraulic press. For
deformed samples, pre-crystallization heat treatment was
performed at a temperature of 500 °C, the results of the
study are shown in Fig. 2.

From Fig. 2 it can be seen that the dependence of
hardness on the duration of pre-crystallization heat
treatment is also extreme. The highest hardness of
1.85 GPa is observed at an endurance of 1 minute,
which is 48 % more than after rolling; and by 12 per-
cent more than after a combination of rolling and static
deformation.

2,2
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Fig. 1. The effect of combined deformation (rolling on 40 % +
static deformation by 40 %) and the following pre-crystalliza-
tion thermal treatment on the hardness of technically pure iron:

1 — hardness after rolling; 2 — hardness after rolling and sub-
sequent static deformation; 3 — hardness after combined defor-
mation and subsequent heat treatment
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Stabilization of the substructure occurs in the in-
terval between 7 and 20 minutes, the hardness at this is
1.71 GPa, which is only 4 % more than after combined
deformation in total by 60 %.

Next, the possibility of combining dynamic deforma-
tion with the following static deformation was checked
after changing the direction to a 90° angle: for annealed
samples of technically pure iron, dynamic deformation
was performed with a shock cyclic action of 40 %, after
which the sample was reversed by 90° and subjected to
a static deformation of 40 % with hydraulic press Thus
the total value of the deformation was 80 %. Subsequent-
ly, pre-crystallization heat treatment was carried out at
a temperature of 500 °C with a shutter speed of 60 min-
utes. The results of the influence of pre-recrystallization
thermal treatment on hardness are shown in Fig. 3.

Fig. 3 shows that the dependence of hardness on the
duration of exposure in the pre-crystallization heat treat-
ment is also extreme. At an endurance of 5 minutes, the
highest hardness is observed 2.33 GPa, which is 25 %
more than after rolling; and by 15 % more than after
a combination of rolling and stiff deformation.

A characteristic feature of such processing is 2 sites
with a stabilized structure: the first — from 7 to 20 min-
utes, the second — from 30 to 60 minutes. Combining
in the range of 7 to 20 minutes makes sense, because the
hardness increase relative to the total combined defor-
mation is 11 %, in contrast to the endurance from 30 to
60 minutes, where the gain is only 6 %.

Combining dynamic deformation by 40 % and static
deformation by 40 % at an angle of 90° is more promis-
ing due to greater hardness.

As a combination of dynamic deformation with
a static angle 90 ° allows for greater hardness than com-
bining with rolling, but complicated for implementation,
therefore, in order to reduce the number of operations,
it is decided to combine two static deformations at an
angle of 90° relative to one another. Pre-crystallization
heat treatment was carried out at a temperature of 500 °C
with an exposure of 1 to 60 minutes. The results of the
study are shown in Fig. 4.

1,8

1,6 F

14

Hardness HV;

1,2

0 10 20 30 40

Exposure time, min

Fig. 2. The Effect of Combined Deformation (Rolled on 30 % +
static deformation by 30 %) and the following pre-crystalliza-
tion thermal treatment on the hardness of technically pure iron:

1 — hardness after rolling; 2 — hardness after rolling and sub-
sequent static deformation; 3 — hardness after combined defor-
mation and subsequent heat treatment
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Fig. 3. Effect of combined deformation (dynamic deformation
of 40 % + static deformation by 40 % at an angle of 90°) and
subsequent pre-crystallization thermal treatment on the hard-
ness of technically pure iron:

1 — hardness after dynamic deformation; 2 — hardness after
dynamic and subsequent static deformation; 3 — hardness after
combined deformation and subsequent heat treatment

Fig. 4 shows that stabilization of the polygonization
substructure takes place from 5 to 60 minutes at a length-
ening time, as evidenced by constant hardness of 2 GPa.
The maximum hardness value of 2.1 GPa provides heat
treatment with a shutter speed of 2 minutes, and the dif-
ference between the highest value and stabilization is
only 5 %.

In general, combining two static deformations at an
angle of 90° provides almost the same hardness as the
combination of rolling and static deformation. The hard-
ness after two static deformations at an angle of 90° to
one more by 18 % relative to the first deformation and
12 % more than after the combined deformation. From
which we can conclude that the greatest increase and the
possibility of stabilizing the substructure gives a combi-
nation of dynamic and static deformations.

Combination of the cold dynamic with 40 % and
static deformation also by 40 % of technically pure iron
[6] showed that the stabilization of the substructure is
observed in the range from 10 to 30 minutes.

Next, the possibility of combining the values of de-
formation was established: for this, the annealed speci-
mens were subjected to a combined deformation: a cold
dynamic deformation of 30 %, followed by a static de-
formation of 50 % (experiment 1) and, conversely, a cold
dynamic deformation of 50 %, followed by a static de-
formation by 30 % (experiment 2). Hardness after Exper-
iment 1 is 1.72 GPa, and after Experiment 2 — 1.68 GPa.

The pre-recrystallization heat treatment of the com-
bined deformed samples was carried out at a temperature
of 500 °C. Results are shown on Fig. 5.

From Fig. 5 it is evident that for both experiments an
extreme character of the increase of hardness is observed,
but with increasing time of aging the hardness gradually
decreases, and after the endurance of 5...7 minutes ac-
quires values that correspond to the deformed state.

The combination of cold dynamic deformation of
30 % and static deformation by 30 % of technically pure
iron [6] showed that after pre-crystallization heat treat-
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Fig. 4. Effect of combined deformation (static deformation of
40 % + static deformation by 40 % at an angle of 90°) and sub-
sequent pre-crystallization heat treatment on the hardness of
technically pure iron:

1 — hardness after the Ist static deformation; 2 — hardness
after two static deformations at an angle of 90°; 3 — hardness
after combined deformation and subsequent heat treatment

ment, the polygonization substructure is stabilized, since
the hardness remains at one level with an elongation of
20 to 60 minutes.

The determination of the effect of hot dynamic de-
formation at 880 °C on the stability of the polygonal sub-
structure was carried out in the same manner as in [6]
(dynamic deformation of 30 % and static deformation by
30 %). The maximum hardness of 2.22 GPa was reached
at 10 minutes, after 60 minutes the hardness decreased to
the initial values after the combined deformation is likely
due to the process of dynamic polygonization.

A combination of warm dynamic deformation
(300 °C) followed by cold static deformation of techni-
cally pure iron was studied. Hardness after warm dynam-
ic strain was 1.95 GPa, after combined deformation —
2.04 GPa. After that, pre-recrystallization heat treatment
was carried out at a duration of 10 minutes, which was
chosen based on previous experiments. Hardness after
heat treatment was 2.08 GPa, which is only 2 % more
than hardness after combined deformation.

Therefore, in the following studies, the optimal type
of deformation is the combination of cold dynamic 30 %
and static 30 % deformation (60 % total) is chosen, since
such combination provides high hardness indexes, al-
lows to stabilize polygonization substructure of purely

2,2 T

N

Hardness HV;
=
©

=
=)}
(=]
2 4

1 10 100
Exposure time, min
Fig. 5. The effect of pre-recrystallization thermal treatment on

the hardness of technically pure iron after combined deforma-
tion
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pure iron, the method is simple in its execution. Then un-
der the combined deformation we mean this method —
combining dynamic deformation by 30 % and static de-
formation by 30 %.

To determine the dependence of the amount of car-
bon on the hardness of the combined deformed alloys af-
ter pre-crystallization heat treatment, samples from car-
bon steels 20, 45 and steel Y8 with a total deformation
value of 60 %.

The investigated carbon steel has a ferrite-perlite and
perlite structure. This, as a rule, leads to the localization
of deformation and the formation of an inhomogeneous
structure. Therefore, to ensure a uniform distribution of
carbides, steel was subjected to pre-heat treatment — an-
nealing. The hardness of steel 20 after annealing at a tem-
perature of 850 °C for 60 minutes is 1.45 GPa, steel 45
(810 °C) — 1.7 GPa, steel Y8 (750 °C) — 1.87 GPa.
After combined deformation, the hardness of the sam-
ples was: in the steel 20 — 1.97 GPa, in the steel 45 —
2.24 GPa, in the steel Y8 — 2.57 GPa.

After the combined deformation, pre-crystallization
heat treatment was carried out at a temperature of 500 °C
with an endurance of up to 60 minutes to verify the pos-
sibility of stabilizing the polygonal substructure. The re-
sults of the effect of the duration of the pre-crystallization
heat treatment endurance are shown in Fig. 6.

Fig. 6 shows that increasing the concentration of
carbon contributes to increased hardness. The greater the
carbon, the more so in the steel solid cementite, which
causes the growth of hardness. The duration of expo-
sure to obtain the highest hardness values is reduced.
It is also evident that increasing the thermal stability of
the polygonal substructure of steel 20, 45 and Y8 can be
combined by dynamic and static deformation by a to-
tal of 60 % and the subsequent pre-crystallization heat
treatment according to 10...60 minutes, 5...60 minutes
and 1...60 minutes. Also, from Fig. 6 it is seen that,
with increasing amount of carbon, the duration of expo-
sure decreases, which provides the maximum value of
hardness.

To determine the dependence of the influence of dop-
ing elements on the hardness of the combined deformed
alloys after pre-recrystallization thermal treatment, steel
40X and 12X13 were investigated.
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Fig. 6. The effect of combined deformation (cold dynamic de-
formation by 30 % + static deformation by 30 %) and subse-
quent pre-crystallization heat treatment:

1 — steel 20; 2 — steel 45; 3 — steel V8
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Alloy steel was subjected to preliminary annealing,
hardness after which was: steel 40X — 1,86 GPa, steel
12X13 — 2,02 GPa.

The hardness after the combined deformation in total
by 60 % was: steel 40X — 2,38 GPa, steel 12X13 —
2,47 GPa.

After the combined deformation, pre-recrystalliza-
tion heat treatment was carried out at a temperature of
500 °C with an endurance of up to 60 minutes to verify
the possibility of stabilizing the polygonal substructure.
The results of the effect of the duration of the pre-crystal-
lization heat treatment are shown in Fig. 7.

Fig. 7 shows that with the increase in the amount of
chromium in steel — the hardness of combined deformed
samples increases after pre-recrystallization heat treat-
ment.

Thus, the combined deformation of the samples,
which consists of the previous cold dynamic deformation
and the subsequent static deformation, is likely to con-
tribute to the formation of sub-regions with an increased
angle of divergence. It is obvious that an additional static
deformation increases the number of structural imperfec-
tions in the form of dislocation crossings.

It is known for example [5] that the movement of
dislocations is prevented by the boundaries of sub-grains,
particles of another phase, concentration heterogeneity,
structural imperfections (dislocations), fluctuations in the
lattice, associated with uneven distribution of energy and
impurities.

Also, dislocations that were introduced during de-
formation are blocked by impurity atoms, so at the next
load, these dislocations do not participate in sliding, they
inhibit newly formed dislocations or parts of dislocations
that are unlocked after deformation loading. Atoms of
penetration in metals cause more tetragonal and lead to a
sharp increase in strength.

Thus, the stabilization of the substructure of techni-
cally pure iron and steels is to reduce the mobility of the
boundaries of sub-grains by creating triple nodes (cross-
ings) of dislocations and inhibition of dislocations by ad-
mixing atoms, predominantly those dissolved by penetra-
tion (in technically pure iron — 0.009 % C).

As in the course of the study, a significant change
in the physical and mechanical properties of metals and
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Fig. 7. Effect of combined deformation (cold dynamic defor-

mation by 30 % + static deformation by 30 %) and subsequent
pre-crystallization heat treatment:

1 — steel 40X; 2 — steel 12X13
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alloys [7], in particular hardness, was established, there-
fore the scientific interest is the change in the substruc-
ture, which led to changes in properties, namely the size
of the coherent scattering regions, the number of nano-
structured elements, and the angle of subregion orienta-
tion .

Since the CSR corresponds to the internal ordered
grain region and does not include highly distorted bound-
aries, the size of the CSR is identified with the average
grain size (sub-grains) [8].

Determination of the average size of coherent scat-
tering regions of deformed, technically pure iron was
carried out in three ways: according to Scherrer's formu-
la, using the method of harmonic analysis of the shape of
the diffraction profile and the method of electron micros-
copy (Table 1).

From the data presented in Table 1, it can be seen
that the size of CSR after pre-recrystallization heat treat-
ment at the appropriate time of exposure decreases in
comparison with the deformed state of the metal. Also,
the size of CSR correlates with the values of hardness:
the more hardness, the smaller the size of the CSR. This
indicates that an increase in the hardness values results
from the pre-recrystallization heat treatment due to the
crushing of the substructure of the pre-deformed metal
and confirms the validity of the conclusions regarding
the stabilization of the polygonal substructure with a
change in hardness.

Determination of the average size of coherent dis-
persion of carbon steels 20, 45 were also conducted us-
ing the Sherrer formula.

From the data given in Table 2 it can be seen that in
the heat treatment, which provides maximum hardness,
the size of the CSR decreases to 119 nm.

Subsequently, the average sizes of sub-steel in steel
45 were determined. The results are given in Table 3.

The data in Table 3 indicate that the application of
combined deformation, which consists of a dynamic
30 % and a static of 30 %, followed by pre-crystallization
heat treatment at a temperature of 500 °C for 2 minutes,
provides a subzero size of 80 nm.

The average size of the CSR for the steel Y8 was
also determined by Scherrer's mold and by scanning
electron microscopy. Fig. 8 shows the microstructure of
the treated steel U8 with an increase of 20,000 times.

Figure 8 shows that there is a crushing of substruc-
tural elements after pre-recrystallization thermal treat-
ment with respect to the deformed state, which confirms
the definite dimensions of CSR by methods of X-ray
diffraction analysis (Table 4), according to which their
reduction after pre-crystallization thermal treatment rela-
tive to the deformed state occurs. This is a direct proof of
the crushing of the substructure of plastically deformed
steel Y8 in the process of pre-crystallization thermal
treatment.

The results of the determination of the average size
of CSR (subgrains) steel Y8 are given in Table 4.

These data indicate that combined deformation and
pre-recrystallization thermal treatment, which provides
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maximum hardness values, ensures crushing of substruc-
tural elements, in some cases, to nanoscale size.

These data indicate that combined deformation and
pre-recrystallization thermal treatment, which provides
maximum hardness values, ensures crushing of substruc-
tural elements, in some cases, to nanoscale size.

In the table 5 shows a change in the average size of
the OCP alloy steel 40X after deformation and deforma-
tion and the pre-recrystallization heat treatment.

Data of the table 5 indicate that the combined defor-
mation followed by pre-crystallization thermal treatment
provides crushing of the substructure after pre-recrystal-
lization thermal treatment relative to the deformed state.

In table 6 shows a change in the average size of CSP
of steel 12X13 after deformation and deformation and
pre-recrystallization heat treatment.

Table 1. Average size of CSR, combined deformed samples of
technically pure iron before and after pre-recrystallization heat

treatment
Processing mode Hardness, | Size of CSR,

& GPa nm

Combined deformation 1,65 190

Combined deformation and

heat treatment: 500 °C, 10 min 2,22 125

Combined deformation and

heat treatment: 500 °C, 60 min 2,12 175

Table 2. Average size of CSR, combined deformed samples of
steel 20 before and after pre-recrystallization heat treatment

Processing mode Hardness, | Size of CSR,
& GPa nm
Combined deformation 1,97 145
Combined deformation and heat
treatment: 500 °C, 5 min 2,32 120
Combined deformation and heat
treatment: 500 °C, 60 min 2,28 190

Table 3. Average size of CSR, combined deformed samples of
steel 45 before and after pre-recrystallization heat treatment

Processing mode Hardness, |Size of CSR,
& GPa nm
Combined deformation 2,24 110
Combined deformation and heat
treatment: 500 °C, 2 min 2,55 80
Combined deformation and heat
treatment: 500 °C, 60 min 244 180

Table 4. Average size of CSR, combined deformed samples of
Y8 before and after pre-recrystallization heat treatment

Processine mode Hardness, | Size of CSR,
& GPa nm*
Combined deformation 2,57 130/190
Combined deformation and
heat treatment: 500 °C, 2 min 3,20 115/150
Combined deformation and
heat treatment: 500 °C, 60 min 3,00 130/160

*The «/» indicates the size of the CSR, which is determined using
the Scherrer formula and by scanning electron microscopy.
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Fig. 8. Microstructure of steel ¥8:
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a) after combined deformation; b) after combined deformation and heat treatment, which provides maximum hardness values;
¢) after combined deformation and heat treatment, which ensures stabilization of the polygonal substructure

Table 5. Average size of CSR, combined deformed samples of ~ Table 6. Average size of CSR, combined deformed samples of

steel 40X before and after pre-recrystallization heat treatment

Processing mode Hardness, | Size of CSR,
& GPa nm
Combined deformation 1,86 130
Combined deformation and
heat treatment: 500 °C, 2 min 2,53 120
Combined deformation and
heat treatment: 500 °C, 60 min 2,52 120

Data of the table 6 indicate that the combined de-
formation followed by pre-crystallization heat treatment
provides the size of the CSR 100 nm, since the Sherrer
formula defines only the mean value of CSR, we can say
that such treatment provides 12X13 steel of nanoscale
size of the substructure.

Technically pure iron and steel deformed by the com-
bined method are characterized by certain features of the
structure, which differs significantly from the structure of
these materials which were statically deformed, which is
conditioned not by equilibrium conditions of their forma-
tion (high rate of deformation). The structure determines
their operational properties, for it characterized by increased
concentration of various defects, which leads to the forma-
tion of nanosized elements of the substructure. Properties of
materials to a large extent depend on the relative number of
nanostructured elements, therefore, the determination of the
fraction of the nanostructural component allows a certain
degree of prediction of the properties of materials [9, 10].

In the table 7 shows the relative number of nano-
structured elements calculated by the method of approxi-
mation of the diffraction profile for deformed technically
pure iron and steels before and after pre-recrystallization
heat treatment.

The above data is shown in Table 7 indicate that the
combined deformation and the subsequent pre-recrystal-
lization thermal treatment providing maximum hardness
values provide an increase in the number of nanoscale
sub-grains of at least 18 % (steel 20), a maximum of
89 % (steel 12X13), which is associated with high con-
tent chrome in the composition.

The angles of divergence of the sub-grains and their
dimensions can be interpreted on the basis of representa-

steel 12X13 before and after pre-recrystallization heat treatment

Processing mode Hardness, | Size of CSR,
& GPa nm
Combined deformation 2,02 120
Combined deformation and
heat treatment: 500 °C, 2 min 3,00 100
Combined deformation and
heat treatment: 500 °C, 60 min 2.83 110

tions about the accumulation of linear defects in a cell in
the form of dislocations. Thus, the angle of divergence
of the sub-grains determines their thermal stability, the
larger the angle, the higher the thermal stability.

In the table 8 shows the calculated angles of sub-
orene deformation [11] for deformed technically pure
iron and steels before and after pre-recrystallization heat
treatment. The above data is shown in Table 8 indicate
that the maximum size of the diverting angle provides
combined deformation with a heat treatment that pro-
vides maximum hardness. At 60 minutes, the orientation
angle decreases slightly relative to the maximum value,
but remains larger than after deformation.

DISCUSSION. Thus, the combined deformation of the
samples, which consists of the previous cold dynamic
deformation and the subsequent static deformation, is
likely to contribute to the formation of sub-regions with
an increased angle of divergence. It is obvious that an ad-
ditional static deformation increases the number of struc-
tural imperfections in the form of dislocation crossings.

It is known for example [5] that the movement of
dislocations is prevented by the boundaries of sub-grains,
particles of another phase, concentration heterogeneity,
structural imperfections (dislocations), fluctuations in the
lattice, associated with uneven distribution of energy and
impurities.

Also, dislocations that were introduced during de-
formation are blocked by impurity atoms, so at the next
load, these dislocations do not participate in sliding, they
inhibit newly formed dislocations or parts of dislocations
that are unlocked after deformation loading. Atoms of
penetration in metals cause more tetragonal and lead to a
sharp increase in strength.
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Thus, the stabilization of the substructure of techni-
cally pure iron and steels is to reduce the mobility of the
boundaries of sub-grains by creating triple nodes (cross-
ings) of dislocations and inhibition of dislocations by
admixing atoms, predominantly those dissolved by pen-
etration (in technically pure iron — 0.009 % C).

CONCLUSIONS. 1. It was established that obtaining a
thermally stable polygonal substructure for 60 minutes at
a temperature of 500 °C provides a combination of cold
dynamic deformation of 30 % and static deformation of
30 % followed by pre-crystallization thermal treatment
for technically pure iron, steels 20, 45, U8, 40X and
12X13. The smallest OCP sizes (about 100 nm) are ob-
served in pre-crystallization heat treatment, which pro-
vides maximum hardness, with an increase of 10 % on
the substructure of OCP stabilization.

2. Combined deformation and subsequent pre-crys-
tallization thermal treatment providing maximum hard-
ness values provide an increase in the relative number of
nanoscale sub-grains by at least 18 % (steel 20), a maxi-
mum of 89 % (steel 12X13) compared to the deformed
state.

3. It was established that the maximum dimension
of the angle of diorientation of sub-grains 2,16° was re-
corded after combined deformation with thermal treat-
ment, which provides maximum hardness for technically
pure iron. At 60 minutes, the orientation angle slightly
decreases relative to the maximum value, but remains
larger relative to the deformed state.

Chnucok JgiTepatypu
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Table 7. Relative amount of nanosized sub-grains, %, in de-
formed technically pure iron and steels before and after pre-
crystallization heat treatment

Processing Fe | Steel 20 | Steel 45| Y8 [40X | 12X13

Combined
deformation

Combined defor-
mation and heat

treatment, which | 75 20 22 42 | 65 34
provides maxi-
mum hardness

54 17 15 28 | 37 18

Combined
deformation and
heat treatment
for 60 minutes

58 16 18 19 ] 16 12

Table 8. Middle angle of divergence of sub-grains, degrees,
in deformed technically pure iron and steels before and after
pre-crystallization heat treatment

Processing Fe Steel | Steel V8

20 45 40X

12X13

Combined
deformation

Combined
deformation
and heat treat-
ment, which
provides maxi-
mum hardness

Combined
deformation
and heat 1,8
treatment for
60 minutes

1,4 | 0,04 | 0,04 [0,14|0,05| 0,08

2,16 0,1 0,88 10,210,08| 0,16

0,08 0,24 10,1910,06| 0,14
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